Although the Ub-binding domain in ABIN proteins and NEMO (UBAN) is highly conserved, UBAN-containing proteins exhibit different Ub-binding properties, resulting in their diverse biological roles. Post-translational modifications further control UBAN domain specificity for poly-Ub chains. However, precisely, how the UBAN domain structurally confers such functional diversity remains poorly understood. Here we report crystal structures of ABIN-1 alone and in complex with one or two M1-linked di-Ub chains. ABIN-1 UBAN forms a homo-dimer that provides two symmetrical Ub-binding sites on either side of the coiled-coil structure. Moreover, crystal structures of ABIN1 UBAN in complex with di-Ub chains reveal a concentration-dependency of UBAN/di-Ub binding stoichiometry. Analysis of UBAN/M1-linked di-Ub binding characteristics indicates that phosphorylated S473 in OPTN and its corresponding phospho-mimetic residue in ABIN-1 (E484) are essential for high affinity interactions with M1-linked Ub chains. Also, a phospho-mimetic mutation of A303 in NEMO, corresponding to S473 of OPTN, increases binding affinity for M1-linked Ub chains. These findings are in line with the diverse physiological roles of UBAN domains, as phosphorylation of OPTN UBAN is required to enhance its binding to Ub during mitophagy.
Introduction
Ubiquitination is a post-translational modification (PTM) in which ubiquitin (Ub) is attached to target proteins through a cascade of enzymatic reactions catalyzed by Ub activating (E1), conjugating (E2) and ligase (E3) enzymes [1, 2] . Target proteins can be mono-ubiquitinated or poly-ubiquitinated by 8 different homotypic chains or mixed and branched chains, in which Ub molecules are attached via any of the M1, K6, K11, K27, K29, K33, K48 or K63 residues [3] . These chains with different linkage types adopt a variety of conformations, and function as signals that are specifically recognized by Ub-binding proteins, which relay the signal to downstream proteins resulting in distinct cellular responses [4] .
To date, over 20 different types of Ub-binding domains (UBDs) have been identified [4] . UBAN is a UBD shared by Optineurin (OPTN), NEMO (NF-κB essential modulator) and ABIN1-3 (A20-binding inhibitors of NF-κB) proteins ( Fig.   1A ) [4] [5] [6] . Binding of Ub chains to UBAN domains is an essential step in the regulation of cellular functions of the UBAN-containing proteins. NEMO and ABIN-1 play essential roles in the NF-κB signaling pathway, which regulates gene expression, thereby affecting inflammation, tumorigenesis and immunity and is extensively regulated through M1-and K63-linked ubiquitination [7] [8] [9] [10] [11] .
NEMO is a component of the inhibitor of κ B (IκB) kinase (IKK), that regulates activation of the kinase complex and subsequent activation of the NF-κB signaling pathway. ABIN-1 controls innate immune responses through the NF-κB signaling. It binds to linearly ubiquitinated NEMO and A20 ubiquitin-editing enzyme and promotes deubiquitination and termination of NF-κB signaling [12] .
Also, upon tumor necrosis factor (TNF)-α stimulation, ABIN-1 is recruited to the TNF receptor 1 (TNFR1) resulting in the recruitment of A20 and deubiquitination of RIP kinase 1 [13, 14] . OPTN is involved in diverse cellular functions [15] .
Autophagic degradation of depolarized mitochondria (mitophagy) and intracellular pathogens (xenophagy) heavily rely on the phosphorylation of OPTN UBAN by the kinase TBK1. Locally accumulated and active TBK1
phosphorylates the UBAN domain of OPTN (on S473) at the phagophore [16] and phosphorylated OPTN (together with other autophagic receptors) bridges damaged mitochondria to LC3-coated phagophores, thereby driving autophagy.
Disturbing this pathway through genetic alterations and impairing TBK1 activity or its binding to OPTN have been linked to frontotemporal lobar degeneration (FLD) and amyotrophic lateral sclerosis (ALS) [17] [18] [19] [20] .
Crystal structures of various UBAN domains have demonstrated a parallel coiledcoil homo-dimeric structure that provides two binding sites for M1-linked di-Ub chains [21] [22] [23] . NEMO UBAN also binds K63-linked di-Ub chains, albeit with about 100-fold lower affinity than M1-linked di-Ub chains [24] . 
Results

ABIN-1 UBAN forms a homo-dimer and binds to M1-linked Ub chain
ABIN-1 preferentially binds M1-over K48-or K63-linked Ub chains ( Fig. 1B) . To investigate the structure of ABIN-1 UBAN, and its interactions with Ub chains, we determined crystal structures of ABIN-1 UBAN alone and in complex with M1linked di-Ub chains ( Fig. 2A -C, Table 1 ). ABIN-1 crystals diffracted to 1.75 Å and contained two coiled-coil homo-dimers in each asymmetric unit of the C2 space group ( Fig. 2A , S1A). The two ABIN-1 dimers adopt highly similar conformations (RMSD= 0.87 Å for the superimposition of Cα atoms) and provide two symmetric Ub-binding sites on either side of the dimer (Fig. S1B ). Interestingly, mixing ABIN-1 and M1-linked di-Ub in 1:1 and 5:1 ratios prior to crystallization resulted in co-crystals with two different stoichiometries, including 2:2 and 2:1 for ABIN-1:
M1-linked di-Ub, that diffracted to 1.95 Å and 3.00 Å resolution, respectively ( 
Phosphorylation of UBAN enhances binding to M1-linked Ub chains
To further characterize the Ub-binding properties of UBAN domains, we studied effects of UBAN phosphorylation on UBAN/Ub binding. It has been shown that phosphorylation of S473 in OPTN UBAN enhances its binding affinity towards Ub chains [27] . S473 in OPTN corresponds to the alanine (A303) residue in NEMO and a phospho-mimetic residue (E or D) in ABIN1-3 ( Fig. 1A ). Since UBAN domains bind Ub in a similar manner, we tested if phosphorylation of these proteins has comparable effects on their binding to M1-linked Ub chains. We measured binding affinities of isolated UBAN domains of OPTN (aa 420-509), ABIN-1 (aa 463-532), and NEMO (aa 250-339) for M1-linked tetra-Ub chains using surface plasmon resonance (SPR) ( Fig. 4A, S2 ). In these measurements, phospho-mimetic OPTN protein with the S473E mutation indicated a K D value of 508 nM, which is ~ 2-fold increase in affinity towards M1-linked tetra-Ub as compared with WT OPTN protein (K D = 916 nM). Conversely, ABIN-1 WT is intrinsically phospho-mimetic by containing E484 in the UBAN domain.
Therefore, mutation of this residue to alanine (E486A) decreased its binding affinity for M1-linked tetra-Ub (K D of 972 nM and 623 nM for WT and the E486A mutant proteins, respectively). Also, a phospho-mimetic mutation in NEMO UBAN (A303E) increased its binding affinity to M1-linked tetra-Ub chains as indicated by K D values of 562 nM for WT and 362 nM for mutant proteins.
To provide a structural basis for the effect of UBAN phosphorylation on binding to M1-linked di-Ub, we carried out molecular dynamics (MD) simulations [28] . The simulations indicate that R42, R72 and R74 from the distal Ub are the main binding partners of pS473 in the OPTN UBAN (pS473)/M1-linked di-Ub complex ( Fig. 4B ). We observed slightly different binding modes for the interactions of the two di-Ub molecules with pS473. In one binding mode R42 and R72 interact simultaneously with pS473, although the interaction of R42 with pS473 appears weaker than that of R72 ( Fig. 4B , mode 1). In an alternate binding mode, we observed an interaction of R74 guanidino group with the phosphate group ( Our in vitro pull-down assays further confirm that S473E mutation in OPTN UBAN and A303E mutation in NEMO UBAN increases binding of these proteins to M1-linked di-Ub chains (Fig. 4C, D) . This increase in binding is not observed if R42 or R72 of the distal Ub in the M1-linked di-Ub are mutated to alanine. On the other hand, E484A mutation in ABIN-1 decreases its binding to M1-linked di-Ub chains, and R42A and R72A mutations in di-Ub hinder this effect ( Fig. 4E ).
Notably, R74A mutation completely abolishes binding to the UBAN domain of OPTN, NEMO and ABIN-1 proteins.
Discussion
UBAN-containing proteins play essential roles in various cellular functions,
including regulation of NF-κB signaling, protein trafficking, and autophagy, which are mediated by binding to Ub chains through UBAN domains [29] . UBAN domains preferentially bind M1-linked Ub chains, but they also bind K63-linked Ub chains with much lower affinity ( Fig. 1B) Thrombin was inactivated with PMSF. 2ZVO) structures as search models for molecular replacement in MOLREP [35] .
Material and Methods
Construction of plasmids
GST pull-down assays
The model was further built using Coot [36] and refined by the application of amplitude-based twin refinement in REFMAC5 [37, 38] . Data collection and refinement statistics are summarized in Table 1 . All structure figures were prepared in PyMOL (PyMOL Molecular Graphics System, Version 1.5.0.5; Schrödinger).
Surface Plasmon Resonance (SPR)
The SPR experiments were performed using the Biacore S200 instrument (GE-Healthcare). GST-tagged UBAN domains isolated from ABIN-1, NEMO and OPTN were immobilized on the CM5 sensor chip. Various dilutions of M1-linked tetra-Ubs were prepared in the running buffer that contained 10 mM HEPES, pH 7.4 supplemented with 200 mM NaCl, and 0.005% Tween-20. Each experiment was done in triplicate.
Isothermal Titration Calorimetry (ITC)
ITC experiments were performed using a VP 
MD simulations
All systems were parameterized with the Amber ff14SB all-atom force field [39] .
For phosphorylated systems, phosphoserines with a net 2charge were added at the corresponding serine residues of the UBAN domains. In the absence of a 2:2 stoichiometry OPTN:M1 di-Ub structure, we prepared an initial model by threading the OPTN sequence onto the NEMO crystal structure.
The systems were minimized with a series of steepest descent and conjugate gradient algorithms by gradually reducing constraints on the protein atoms.
Hydrogen atoms were constrained with SHAKE [40] . The time step was set to 1 fs for the initial phase of the NPT (constant N, Pressure, and Temperature) equilibration. After reaching 300 K, the density of the system was equilibrated during a 10 ns NPT (T = 300 K, P = 1.01325 bar) run. The temperature was controlled with the Langevin dynamics method while keeping the pressure constant using the combined Langevin piston Nose-Hoover method. Long-range electrostatic interactions were treated with Particle Mesh Ewald (PME), with a grid spacing of 1 Å. Nonbonded cutoff was set to 12 Å during minimization and heating, and to 10 Å during the NPT equilibration and production simulation. The integration time step for the final stages was increased to 2 fs. All simulations were performed with openMM on Kepler K20 and GTX 1080 GPUs [41] .
Accession numbers
Atomic coordinates and structure factors of the ABIN-1 alone, and in complex with one and two M1-linkd di-Ub chains are deposited in the PDB with accession codes PDB: 6N6S, 6N5M, and 6N6R, respectively. T  N  4  5  9  E  T  M  T  I Figure 4B) 
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